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ABSTRACT
The mergers of black hole (BH)–neutron star (NS) binaries have been one of the most interesting
topics in astrophysics, because such events have been thought to possibly produce multimessenger
signals including gravitational waves and broadband electromagnetic (EM) waves. In this paper, we
investigate EM emission from the inspiral of a binary composed of a spinning BH and a magnetized
NS. Observationally, the BH is usually more massive than ∼ 7M⊙ and the NS has a mass ≃ 1.4M⊙.
During the inspiral of such a binary, the BH will accumulate more and more charges based on the
charging scenario of Wald, even though the BH will eventually swallow the NS whole inevitably. We
calculate the emission luminosities and energies through three energy dissipation mechanisms: mag-
netic dipole radiation, electric dipole radiation, and magnetic reconnection. We show that magnetic
dipole radiation due to the spin of the increasingly charged BH and magnetic reconnection in between
the BH and the NS could be most significant at the final inspiral stage. We find that if the BH is
rapidly rotating and the NS is strongly magnetized, these mechanisms would lead to a detectable EM
signal (e.g., a short-duration X-ray transient).
Subject headings: gravitational waves – radiation mechanisms: non-thermal – stars: black holes –
stars: neutron
1. INTRODUCTION
Since the mergers of black hole–black hole (BH–
BH) binaries (Abbott et al. 2016, 2018a) and neutron
star–neutron star (NS–NS) binaries (i.e., GW170817,
Abbott et al. 2017a, 2018b) were discovered by the ad-
vanced LIGO/Virgo gravitational wave (GW) detectors,
observations of BH–NS mergers have become one of the
most interesting topics in astrophysics. This is because
it has been widely argued that BH–NS mergers not only
lead to GW events (Vallisneri 2000; Shibata & Taniguchi
2008; Shibata et al. 2009; Kyutoku et al. 2010, 2011;
Cho et al. 2013; Tagoshi et al. 2014; Pannarale & Ohme
2014; Kumar et al. 2015; Pannarale et al. 2015) but also
perhaps generate broadband electromagnetic (EM) sig-
nals, e.g., short-duration gamma-ray bursts and mul-
tiwavelength afterglows driven by ultrarelativistic jets
(Paczynski 1991; Narayan et al. 1992; Mochkovitch et al.
1993; Janka et al. 1999; Davies et al. 2005; Berger 2014,
for a review), kilonovae powered by radioactive ele-
ment decay in highly anisotropic ejecta (Li & Paczyn´ski
1998; Kyutoku et al. 2013, 2015; Kawaguchi et al. 2016;
Huang et al. 2018), and radio transients from ejecta-
medium interactions (Nakar & Piran 2011), similar to
NS–NS mergers (for a review, see Baiotti & Rezzolla
2017). In addition, BH–NS mergers would also be used
to measure the Hubble constant (Vitale & Chen 2018),
as in the case of GW170817 (Abbott et al. 2017b).
For a BH–NS merger, possible EM signals mentioned
above are highly dependent of the properties of tidally
disrupted ejecta and fallback matter. In principle, if
the premerger BH–NS mass ratio (q) is so low that the
disruption radius that equals to a factor of q1/3 times
the NS radius is larger than the BH’s Schwarzschild ra-
dius, then a fraction of NS matter would be possibly
disrupted tidally during the merger and EM emission
would be produced. On the other hand, if q is high
enough, then the NS whole would plunge into the BH.
In this case, matter is neither ejected nor does it fall
back during the merger, so no EM emission is expected.
A simple analysis suggests that the critical value of q
is ∼ 3.6(M∗/1.4M⊙)−3/2(R∗/106 cm)3/2 (where M∗ and
R∗ are the NS’s mass and radius,
1 respectively); a de-
tailed study shows that this critical value should be ∼ 5
(Shibata et al. 2009). This implies that if the BH mass
. 7M⊙ for M∗ ≃ 1.4M⊙, a fraction of NS matter would
be tidally disrupted at the inspiral stage; if the BH mass
& 7M⊙, however, the NS as a whole would possibly
plunge into the BH.
The observations of BH–BH mergers by aLIGO/Virgo
indicate that all of the BH masses are & 7M⊙ in
these systems (Abbott et al. 2018a), while mass mea-
surements on galactic BHs show that most of the BHs
in X-ray transients and high-mass X-ray binaries have
masses above this critical mass (Casares & Jonker 2014;
McClintock et al. 2014). Therefore, it would be expected
that all of the BH–NS binaries may have a mass ratio
q & 5 for M∗ ≃ 1.4M⊙ and their mergers could not eject
NS matter, so such events would be unable to produce
any EM emission. Two scenarios have been proposed to
generate EM emission. First, if the NS in a BH–NS bi-
nary is strongly magnetized, the BH will cross magnetic
field lines around the NS at the inspiral stage, possibly
leading to instantaneous acceleration of electrons to rel-
ativistic energies and coherent curvature radiation, fur-
ther resulting in a fast radio burst and even a fireball
(Mingarelli et al. 2015; D’Orazio et al. 2016). Second,
1 All of the quantities marked with a subscript “∗” (or “•”)
indicate those of an NS (or BH) in this paper.
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if the BH is charged initially and constantly, then both
electric dipole radiation and magnetic dipole radiation
before binary merger would produce interesting EM sig-
nals, as discussed by Zhang (2019) following earlier stud-
ies of EM emission from charged BH–BH mergers (Zhang
2016; Liu et al. 2016). In this scenario, however, the EM
force is extremely strong so that the BH will discharge in-
stantaneously through absorbing opposite charges swiftly
from an ionized interstellar medium (Levin et al. 2018).
In this Letter, we investigate EM emission from the in-
spiral of a binary composed of a rapidly rotating BH and
a strongly magnetized NS, in which the BH, immersed
in the NS’s magnetic field, will accumulate more and
more charges at the inspiral stage of the binary based
on the charging scenario of Wald (1974). We discuss
some implications of this scenario in detail. This pa-
per is organized as follows. We first discuss Wald’s sce-
nario and two magnetic dipole moments which originate
from the increasingly charged BH’s spin and binary ro-
tation, respectively, in Section 2. We next discuss three
energy dissipation mechanisms to generate EM emission
in Section 3, and provide order-of-magnitude estimates
of their emission luminosities and energies as well as the
detectable merger event rate in the X-ray band in Sec-
tion 4. Finally, we summarize our conclusions in Section
5.
2. INCREASINGLY CHARGED BH
We consider a rotating BH with mass M• of order ∼
10M⊙ and angular momentum J• = a•(GM
2
• /c), where
a• & 0.5 is the BH’s dimensionless spin parameter. We
also consider a magnetized NS with mass M∗ ≃ 1.4M⊙
and surface magnetic dipole field Bs,∗ & 10
12G. The two
compact objects form a binary. Such a binary system
could arise from an X-ray binary with a high-spin BH
(McClintock et al. 2011, 2014). The other possibility is
that a wandering NS is captured by an isolated high-
spin BH originating from an earlier BH–BH merger or
some other astrophysical processes, leading to a binary.
If the two objects in the BH–NS binary are assumed to
move in a nearly circular orbit of radius r about each
other, then their respective distances from the center of
mass are given by r• = r(µ/M•) = r(M∗/M) and r∗ =
r(µ/M∗) = r(M•/M), where M ≡ M• +M∗ is the total
mass and µ ≡M•M∗/M is the reduced mass.
The GW luminosity, total energy, and angular velocity
of the binary at its inspiral stage are approximated by
(Shapiro & Teukolsky 1983)
LGW ≡ −dE
dt
=
25
5
G4
c5
M3µ2
r5
, (1)
E = −1
2
GMµ
r
, (2)
and from Kepler’s III law,
Ω =
(
GM
r3
)1/2
=
1√
2κ
c
r
(
RS,•
r
)1/2
, (3)
where c is the speed of light, κ ≡ M•/M , and RS,• =
2GM•/c
2 = 2.96 × 106(M•/10M⊙) cm is the BH’s
Schwarzschild radius. According to Equations (1) and
(2), we thus obtain the first and second derivatives of r,
r˙ = −2
6
5
G3
c5
M2µ
r3
= − 2
3
5κ
(
RS,•
r
)2(
RS,∗
r
)
c, (4)
and
r¨ = −3× 2
6
52κ2
c2
r
(
RS,•
r
)4 (
RS,∗
r
)2
, (5)
where µ = κM∗ is used and RS,∗ = 2GM∗/c
2 = 4.15 ×
105(M∗/1.4M⊙) cm is the NS’s Schwarzschild radius.
For simplicity, we further assume that both the BH’s
spin and the NS’s magnetic dipole axis are parallel (or
antiparallel) with the angular momentum of the binary.
Therefore, the magnetic field strength at the BH’s po-
sition is given by B∗ = Bs,∗(R∗/r)
3. Wald (1974)
first pointed out that this magnetic field will induce a
radial electric field and accretion of charged particles
onto the BH. Levin et al. (2018) argued that the charg-
ing timescale is much shorter than the binary inspiral
timescale before merger, suggesting that the BH charg-
ing will take place instantaneously. Wald (1974) got an
equilibrium value of the charge quantity through
QW=
2G
c3
J•B∗ =
1
2
a•R
2
S,•B∗
=(4.4× 1024 e.s.u.)a•
(
M•
10M⊙
)2(
B∗
1012G
)
. (6)
Rotation of this charged BH along its spin axis leads
to the first magnetic dipole moment, whose expression is
given by (Wald 1974; Liu et al. 2016; Levin et al. 2018)
|m•,1|= J•
M•c
QW =
1
4
a2•R
3
S,•B∗
=6.5× 1030a2•
(
M•
10M⊙
)3(
B∗
1012G
)
Gcm3, (7)
which would give rise to a magnetic dipole field of the
BH whose strength at any radius r′ is
B•=6.5× 109a2•
(
M•
10M⊙
)3
×
(
B∗
1012G
)(
r′
107cm
)−3
G. (8)
On the other hand, rotation of the charged BH along the
center of mass of the binary leads to the second magnetic
dipole moment of order (Zhang 2016, 2019)
|m•,2|= πr
2
•
c
QW
P
=
1
4
√
2κ
(
M∗
M
)2(
r
RS,•
)1/2
a•R
3
S,•B∗, (9)
where P = 2π/Ω is the orbital period of the binary. From
Equations (7) and (9), the ratio of the two magnetic
dipole moments is
|m•,2|
|m•,1| =
1√
2κa•
(
M∗
M
)2 (
r
RS,•
)1/2
. (10)
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For a• & 0.5, M∗ ≪ M• and r ∼ RS,•, this ratio is
much less than unity, implying that |m•,2| is negligible
as compared with |m•,1|.
3. ENERGY DISSIPATION MECHANISMS
We next discuss three energy dissipation mechanisms
that are able to produce premerger EM emission.
3.1. Magnetic Dipole Radiation
Owing to time-changing |m•,1| in Equation (7), we de-
rive the magnetic dipole radiation luminosity,
LMDR,1 =
2|m¨•,1|2
3c3
=
6|m•,1|2
c3
(
4r˙2 − rr¨
r2
)2
. (11)
On the other hand, following Zhang (2016, 2019), we
obtain the magnetic dipole radiation luminosity due to
varying |m•,2| in Equation (9),
LMDR,2 =
2|m¨•,2|2
3c3
=
25|m•,2|2
6c3
(
7r˙2 − 2rr¨
2r2
)2
. (12)
According to Equation (10), therefore, we find LMDR,1 ≫
LMDR,2 for a• & 0.5, M∗ ≪ M• and r ∼ RS,•. Insertion
of Equations (4) and (5) into Equations (11) and (12),
together with Equations (7) and (9), gives the emission
luminosities due to magnetic dipole radiation,
LMDR,1=
3× 72 × 29
54κ4
(
RS,•
r
)12
×
(
RS,∗
r
)4(
R∗
r
)6
a4•cR
2
S,•B
2
s,∗, (13)
and
LMDR,2=
132 × 24
75κ5
(
M∗
M
)4(
RS,•
r
)11
×
(
RS,∗
r
)4(
R∗
r
)6
a2•cR
2
S,•B
2
s,∗. (14)
3.2. Electric Dipole Radiation
Recently Deng et al. (2018) and Zhang (2019) found
that electric dipole radiation is more significant than
magnetic dipole radiation for an initially and constantly
charged BH–BH inspiral. Owing to increasing charge and
inspiral of a BH–NS binary in our model, the luminosity
due to electric dipole radiation is obtained by
LEDR=
2
3c3
∣∣∣∣d
2(QWr•)
dt2
∣∣∣∣
2
=
2(QWr•)
2
3c3
Λ, (15)
where
Λ =
16Ω2r˙2
r2
+
(
6r˙2
r2
− 2r¨
r
− Ω2
)2
. (16)
Since the second term in Equation (16) gives the ratio
6r˙2 − 2rr¨
r2Ω2
=
3× 29
25κ
(
RS,•
r
)3(
RS,∗
r
)2
, (17)
we see that this ratio is close to unity for r ∼ RS,•, M∗ ≃
1.4M⊙, and M• ∼ 10M⊙. This implies Λ ∼ 16Ω2r˙2/r2,
and thus from Equations (13) and (15), we get
LEDR
LMDR,1
≃ 5
2κ3
32 × 72 × 2
1
a2•
(
r
RS,•
)7
. (18)
The coefficient in Equation (18) is 0.028κ3, so that the
ratio, LEDR/LMDR,1, is much less than unity for a• & 0.5
and r ∼ RS,•. Contrary to Deng et al. (2018) and Zhang
(2019) for a constantly charged BH–BH inspiral, there-
fore, we find that the electric dipole radiation luminosity
is negligible as compared with the magnetic dipole radi-
ation for an increasingly charged BH–NS inspiral.
3.3. Magnetic Reconnection
As shown by Wald (1974), if the BH spin aligns with
the NS’s magnetic field (B∗) at the position of the BH
(in which case the BH spin is antiparallel to the NS’s
magnetic axis), then positive charges released from in-
finity will be accreted onto the BH along the pole and
negative charges will be repelled. In this case, rotation of
the charged BH along its spin axis will lead to a magnetic
dipole field, whose direction at the pole is also antipar-
allel to that of the NS. Such a “BH pulsar” – NS binary
(Levin et al. 2018) is similar to Case 1 (an “antiparallel”
NS–NS binary) of Figure 1 in Wang et al. (2018). An
important result of this structure is that the directions
of magnetic field lines in between the BH and NS are op-
posite to each other and a magnetic reconnection region
would occur. The magnetic reconnection luminosity is
estimated by (Wang et al. 2018)
LREC ≃ [B∗(ri)]
2
8π
V
P
, (19)
where ri = r/(1 + ǫ
1/3) is the magnetic reconnection
distance to the NS, ǫ = |m•,1|/m∗ is the ratio of the
magnetic dipole moments of the BH and NS (where
m∗ = Bs,∗R
3
∗ is the NS’s magnetic dipole moment),
and V ≃ (2πri)(|r˙i|P )h is the volume of the mag-
netic reconnection region with h ≃ 0.77ri being the
reconnection height. From Equation (7), we find ǫ =
6.5 × 10−3a2•(M•/10M⊙)3(r/107cm)−3 ≪ 1 and ri ≃ r.
Thus, we obtain the magnetic reconnection luminosity
LREC ≃ 0.31
κ
(
RS,∗
r
)(
R∗
r
)6
cR2S,•B
2
s,∗. (20)
It should be noted that because the magnetic dipole mo-
ment of the BH is much less than that of the NS, the
luminosity LREC is independent on the BH’s spin.
The case discussed above is that the BH spin aligns
with the NS’s B∗. The other case is that the BH spin
antialigns with the NS’s B∗, in which case the BH spin
is parallel to the NS’s magnetic axis. Thus, the BH will
accumulate more and more negative charges as the bi-
nary inspirals. A resultant magnetic dipole field of the
BH in between the two compact objects is still antipar-
allel to that of the NS. In this case, a similar magnetic
reconnection event would also occur at the inspiral stage.
4. ORDER-OF-MAGNITUDE ESTIMATES
To obtain order-of-magnitude estimates of EM emis-
sion, we here consider a BH–NS binary example, in which
M• = 10M⊙ and M∗ = 1.4M⊙. From Equations (13),
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(14), (18), and (20), we get the peak EM emission lumi-
nosities due to magnetic dipole radiation, electric dipole
radiation, and magnetic reconnection at r = rmin,
LpeakMDR,1 ≃ 2.8× 1043a4•m2∗,30
(
30 km
rmin
)22
erg s−1,(21)
LpeakMDR,2 ≃ 2.1× 1039a2•m2∗,30
(
30 km
rmin
)21
erg s−1,(22)
LpeakEDR ≃ 5.3× 1041a2•m2∗,30
(
30 km
rmin
)15
erg s−1, (23)
and
LpeakREC ≃ 1.8× 1043m2∗,30
(
30 km
rmin
)7
erg s−1, (24)
where m∗,30 = m∗/10
30Gcm3. Therefore, we conclude
that magnetic dipole radiation due to the increasingly
charged BH’s spin and magnetic reconnection in between
the BH and the NS could be most significant at the final
inspiral stage of a BH–NS binary. Of course, all of the
luminosities are highly dependent on rmin with different
indices. They change in order as rmin increases.
We next calculate the total EM emission energies due
to these energy dissipation mechanisms through Etot ≃∫ rmin
∞
(L/r˙)dr and Equations (4) and (21)-(24) as fol-
lows:
EtotMDR,1 ≃ 6.2× 1038a4•m2∗,30
(
30 km
rmin
)18
erg, (25)
EtotMDR,2 ≃ 4.9× 1034a2•m2∗,30
(
30 km
rmin
)17
erg, (26)
EtotEDR ≃ 1.9× 1037a2•m2∗,30
(
30 km
rmin
)11
erg, (27)
and
EtotREC ≃ 2.4× 1039m2∗,30
(
30 km
rmin
)3
erg. (28)
From these estimates, we still find that magnetic dipole
radiation due to the BH’s spin and magnetic reconnec-
tion could be most significant at the final inspiral stage.
In fact, the estimated energies will initially propagate
in the form of a Poynting flux-dominated wind. Similar
to a pulsar and a gamma-ray burst, such a wind would
possibly undergo an internal gradual magnetic dissipa-
tion process (Beniamini & Giannios 2017; Xiao & Dai
2017, 2019; Xiao et al. 2018), leading to high-energy
emission (e.g., X-ray). Detailed studies show that the
conversion efficiency of the Poynting flux luminosity
to X-ray luminosity is ηx ∼ 10−3 − 10−2 (Xiao & Dai
2017, 2019; Xiao et al. 2018). A higher value of ηx was
suggested by taking a more efficient internal energy
dissipation process into account (Zhang 2013). Accord-
ing to Equation (21), therefore, a wind with an X-ray
luminosity Lx = ηxLw & 10
42 erg s−1 at the farthest dis-
tance (i.e., detection horizon in the X-ray band), DL ≃
0.1(Lw/10
42 erg s−1)1/2(Fγ/10
−12 erg cm−2 s−1)−1/2Gpc,
would be detected by an X-ray satellite with a sensitivity
of order Fγ ∼ 10−12 erg cm−2 s−1.
The BH–NS merger rate density RBHNS remains un-
known but it could be in the range of the BH–BH
merger rate density RBBH to the NS–NS merger rate
density RBNS. The observations by aLIGO/Virgo show
RBBH = 53.2+58.5−28.8Gpc−3 yr−1 (Abbott et al. 2018c) and
RBNS = 1540+3200−1220Gpc−3 yr−1 (Abbott et al. 2017a).
Thus, the BH–NS merger rate detected by an X-ray satel-
lite with a sensitivity of Fγ is estimated to be in the range
of (4π/3)D3LRBHNS ≃ 0.22+0.25−0.12(DL/0.1Gpc)3 yr−1 to
6.50+13.0
−5.11(DL/0.1Gpc)
3 yr−1. This rate is encouraging.
5. CONCLUSIONS
In this paper, we have explored EM emission from the
inspiral of a binary composed of a BH and an NS. At
present this is one of the most interesting topics because
of possible multimessenger signals from such a merger
event. However, current observations of BH–BH merg-
ers and galactic X-ray binaries indicate that the detected
BHs are usually more massive than ∼ 7M⊙. If a BH–NS
binary has such a massive BH, then during its inspiral the
NS whole will inevitably plunge into the BH. As a result,
no EM emission is expected. Here we have assumed that
the BH is rapidly rotating (i.e., a• & 0.5) and the NS
is strongly magnetized (i.e., Bs,∗ & 10
12G). In this case,
the BH, which is immersed in the NS’s magnetic field,
will accumulate more and more charges during the inspi-
ral based on the charging scenario of Wald (1974). We
discussed three energy dissipation mechanisms to emit
EM signals: magnetic dipole radiation, electric dipole
radiation, and magnetic reconnection. We found that
magnetic dipole radiation due to the spin of the increas-
ingly charged BH and magnetic reconnection in between
the BH and the NS could be most significant at the final
inspiral stage of the binary. Therefore, these mechanisms
would give rise to a detectable EM emission signal (e.g.,
a short-duration X-ray transient).
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